Abstract: Ramans pectroscopy is known as ap owerful technique for solid catalystc haracterization as it provides vibrational fingerprints of (metal) oxides, reactants, and products. It can even become as trong surface-sensitive technique by implementing shell-isolated surface-enhanced Raman spectroscopy (SHINERS). Au@TiO 2 and Au@SiO 2 shell-isolated nanoparticles (SHINs) of various sizes were therefore prepared for the purpose of studying heterogeneous catalysis and the effect of metal oxide coating.B oth SiO 2 -a nd TiO 2 -SHINs are effective SHINERS substrates and thermally stable up to 400 8C. Nano-sized Ru andR hh ydrogenation catalysts were assembled over the SHINs by wet impregnation of aqueous RuCl 3 and RhCl 3 .T he substrates were implemented to study CO adsorptiona nd hydrogenation under in situ conditions at various temperatures to illustrate the differences between catalysts and shell materials with SHINERS. This work demonstrates the potential of SHINS for in situ characterization studies in awide range of catalytic reactions.
Introduction
In situ characterization techniques are important for understanding the working principles and deactivation mechanisms of solid catalysts. [1] [2] [3] Ex situ knowledge is often insufficient, because the surfaces tructure and chemical composition of heterogeneous catalysts are influenced by the reactione nvironment, as inducedb yt emperature, pressure, and gas composition. [4, 5] Spectroscopict echniques, such as Ramans pectroscopy, are valuablet ools to understand( bulk) catalyst structuresa nd catalyst-reactant interactions by diagnostic analysis of vibrational fingerprints. [6, 7] The technique can be easily applied to characterize solid catalysts under working conditions, including in the liquid phase. [8, 9] However,R amans pectroscopy intrinsically suffers from low signal intensities owing to the low Raman crosssections and is therefore not alwaysoptimally equippedfor detecting surface reactions. [10] Atechnique that can significantly boost the Ramansignal intensity is surface-enhanced Raman spectroscopy (SERS). [11, 12] The foundation for SERS relies on noblem etal nanostructures with plasmonic properties. [13] [14] [15] Plasmonic nanostructures prepared from Ag, Au, and Cu generate strong localized electromagnetic fields at the surface under illumination with visible light. [16, 17] Such local enhancement can drastically increase the detection limit of Ramans pectroscopy,r eaching even singlemolecule sensitivity under optimal conditions. [18] Additionally, owing to the highly localized surface sensitivity,i tc an be used to observe possible intermediate structures during reactions. [19, 20] To improvet he applicability as au niversal surface characterization technique, shell-isolated nanoparticle-enhanced Raman spectroscopy (SHINERS) was recently developed. [21] By coating gold or silver cores with SiO 2 ,t he plasmonic core is passivated so that virtually any substrate can be characterized with this technique. [22] [23] [24] For example, shell-isolated nanoparticles (SHINs) can be assembled over catalytically active single-crystal surfaces to investigate structure-sensitive reactions. [25] Additionally,o xide coatings provide improved thermals tability and inertness. These features, combinedw ith the possibility to anchorsolid catalysts to the surface, make SHINERS an interesting characterization techniquef or heterogeneousc atalysis research. [26] An importants tep forward in the development of SHINERS in catalysis was recently realized by Tian et al. by demonstrating SHINs as au niversal support materiala nd nano-antenna for various solid catalyst nanoparticles. [27] In a follow-up study,t hey provedt hat with SHINERS, the typeo f coating material hasa ne vident effect on the behavior of solid catalysts. [28] In this research work, we present ar elativelyf acile colloidal method to prepare metal@TiO 2 @Au and metal@SiO 2 @Au shellisolated nanoparticles (SHINs) and illustrate their potential in the field of heterogeneous catalysis (Figure 1 ). The obtained TiO 2 -a nd SiO 2 -SHINsa re tested for their thermals tability by heat treatments from 300 to 500 8Ca nd subsequentt esting of their Raman signal enhancemento fa queous Rhodamine 6G (Rh6G). Both SiO 2 and TiO 2 metal oxide shells provides table SHINERS substrates that can withstandt emperatures up to 400 8Ci na ir without losing Raman signali ntensity enhancement. Subsequently,t he TiO 2 @Au and SiO 2 @Au SHINERS substrates were implementeda ss upport materialf or the preparation of Ru and Rh hydrogenation catalysts. The obtained Ru@SHINs and Rh@SHINs were used to study the effect of catalyst material and shell materialo nC Oh ydrogenation. In other words, we have designed local sensor materials enabling the qualitative probingo fc atalytic CO hydrogenation by making use of the SHINERS principle and transition metals as active hydrogenation catalysts. Av isual interpretation of the aim of this work is illustrated in Figure 1 .
Results and Discussion
Designing optimal Au@TiO 2 and Au@SiO 2 SHINs materials
To study catalytic reactions with SHINERS, as ubstrate with optimal signale nhancement and stabilityi sr equired. The first step is to find an optimal core size fore nhancing Raman scattering under 785 nm wavelengthl aser illumination. A7 85 nm laser as excitation source in combination with Au nanoparticles (NPs) are used to limit potential plasmonic side reactions. [29] [30] [31] Au NPs of various sizes were prepared between approximately 40 and 100 nm by using as eed-mediated growth to realize satisfying control over the Au particle size. [32] [33] [34] The Au cores were then coated with ultrathinT iO 2 in ac ontrolled manner by modifying two existing methods (Figure 2 , more TEM and SEM images are found in the Supporting Information;F iguresS1-S6). The completes ynthesis can be found in the Experimental Section. [35, 36] All samples were analyzed with UV/Vis spectroscopy (Figures S7-S11i nt he SupportingI nformation) to examinet he quality of the colloidal solution.W ell-dispersed colloidal Au NPs exhibit al ocalizeds urfacep lasmon resonance (LSPR) between 530-600 nm, depending on their size. After the growth of ac oating, the LSPR usually redshifts with increasing coating thickness, as expected from the increase in the dielectric constant from TiO 2 in comparison to water. [37] [38] [39] An additional shoulder or peak between 700-800nmw as sometimes observed for samples with very thin coatings, owing to the low stabilityofAuNPs in water-isopropanol mixtures. When aggregation occurs, the LSPR of two or more Au NPs can couple, which resultsi nt he observation of additional bands. The absorptioni sr edshifted with respectt ot he originalL SPR position. This effect becomes even more pronounced when the particles are dried on aS iw afer before SHINERS experiments. Aggregated Au NPs after drying show ab road band extinction up to the infrared regime ( Figure S11i nt he Supporting Information). The aggregated state of the Au NPs after the drying step is necessary for SERS andS HINERS to enhancet he Raman signal when using a7 85 nm laser.W ithouta ggregation, there is no signal enhancement observed. [40] The effectiveness of Au and TiO 2 @Au NPs for SERS and SHINERS were evaluated by measuring the Ramans ignali ntensity of the xanthene ring stretch of Rh6G aqueous solutionsa t1 362 cm À1 . [41] The dye molecule Rh6G is ap rototype molecule for testing SERS substrates. Owing to its inherentl arge Raman scatteringc ross-section it is often used to compare the effectivenesso fS ERS substrates. The dye molecule has been used for single-molecule experiments owing to itsr esonance at 528 nm, however, in this work, Rh6G is not in resonance with the 785 nm laser. [41] By measuring aqueous solutions, the analyte is dispersed homogeneously over the S(HIN)ERS substrates without drying effects that might lead to local concentration variations. As a result of the heterogeneous nature of the drop-casted S(HIN)ERS substrates, the Ramans ignal intensity might fluctuate between different spots in the sample. Therefore, 40 point scans were measuredf or each sample of which the ten most intense signals were averaged, as can be seen in Figure 3a for bare Au NPs. Without S(HIN)ERS substrates, it was impossible to measure as pectrum of aqueous Rh6G (0.1mm), however,a comparison to solid Rh6G can be found in Figure 3a .W hen comparing the signal intensity at 1362 cm À1 between SERS samples, we found an optimal plasmon core size between 70-90 nm with estimated analytical enhancement factors between 10 4 -10 5 for TiO 2 -coated NPs (Figure 3a ,b;c alculations can be found in the Experimental Section). [42] All Au NPs were coated with various TiO 2 coating thicknesses. As expected, the intensity of the 1362 cm À1 band decreases exponentially with increasing TiO 2 -coatingt hickness. Examples of SHINER spectra of Rh6G over 76 nm Au cores with variousT iO 2 coatings are shown in Figure 3c .W hen comparing the relative intensity of all the Au cores with variousT iO 2 coating thicknesses (Figure 3d) , it was observed that the shell thickness can be increasedf or larger plasmonic cores, while preserving sufficient electromagnetic enhancement. Larger Au cores still enhance the Ramans ignal with coatings up to 4nm, whereas smaller cores lose the complete Ramans ignal under the current measurement conditions with thinner coatings below 3nm. This so-called probing distance in our work is similar to what has been observed by Kumarie tal. [43] on SiO 2 @Ag substrates;t he probingd istance improves with increasing particles ize (Figure 3d ,b ased on averageds pectra found in FiguresS12-S16 in the Supporting Information). For SHINERS to be viable in heterogeneous catalysis, the substrates need to be stable at elevated temperatures. Unstable substrates will result in signal loss owing to sintering, or worse:a dditional Ramans cattering signals as ar esult of the accessible gold surfaces. To verify the stability,s everalT iO 2 @Au NPs were put to the test by exposing them to 300, 400, and 500 8Ci na ir for 3h.T hey were compared with SiO 2 @Au, which were also prepared in our lab (Figures S5, S10, and S15 in the Supporting Information). Sample degradation could be observed by visual inspection under an opticalm icroscope (Figure S17 in the Supporting Information). Without metal oxide coatings, Au NPs sintered on the Si wafer,f orming large bulk Au. The SHINERS stabilityw as tested by comparing the signal intensity of Rh6G at 1362 cm À1 before and after the heat treatments.B yu sing this method, many samples can be tested and compared rapidly. Furthermore, by performing the stability tests ex situ with aqueous Rh6G, we can rule out any effects of thermalwandering of the analyte during in situ measurements. It was observed that for many samples under study,t he Rh6G signal drops to lower intensities after thermalt reatment. The resultsa re shown in Figure 4left (more examples and full spectra can be found in Figures S18-S20 in the Supporting Information). For both types of dielectric coating materials, the Ramans ignal intensity does not remains table above 300 8C when ac oating is thinner than 2nm.
The uniformity of the metal oxide shells is important during catalysis as it isolates the Au core from sintering and undesired side reactions.T he shell can be tested for pin holes by measuring the Ramans ignal of aqueous pyridine (10 mm)o ver SHIN-ERS substrates. [21] When as hell insufficiently coverst he Au ). Figure 4 . Left:Thermal stability of the TiO 2 @Au and SiO 2 @AuS HINs:the Rh6G 1362 cm À1 was comparedw ith its initialv alue after the specifiedheat treatmentf or 3h.R ight:Thermal stability of the TiO 2 @Au and SiO 2 @Au SHINs: the intensity of pyridine at 1008cm
À1 was related to the Rh6G intensitya t 1364cm
À1 to testthe uniformity of the coating. (l = 785 nm; P = 2.0 10 5 Wcm
À2
). Additionali nformationcan be foundi nFigures S18-23 in the Supporting Information.
Chem.E ur.J.2018, 24, [3733] [3734] [3735] [3736] [3737] [3738] [3739] [3740] [3741] www.chemeurj.org 2018 The Authors. Published by Wiley-VCH Verlag GmbH &Co. KGaA, Weinheim core, pyridine molecules can adsorb to the metal surface. As a result, the pyridine can now be observed by using SERS owing to an additional chemical enhancement that is not present when the Au core is fully isolated by metal oxides. Twoi ntense peaks in the Ramans pectrum at 1008a nd 1036 cm À1 can now be observed, originating from two ring breathing modes (Figure S21 in the Supporting Information). [44] On all TiO 2 @Au substrates, av ery weak Ramans ignal of pyridine could be detected ( Figure S22 in the Supporting Information). The signal was, however, extremely weak when comparedw ith uncoated Au NPs ( Figure S22i nt he Supporting Information). For this reason,t he pyridine/Rh6Gr atio wasu sed to compare the samples, so that the signal enhancement of the substrate was compensated for.The thermal stability of TiO 2 @Au seems to be related to the thickness of the dielectric coating. Ac ompletely pin hole free coating was not obtained for coatings under 3nm. However,t he pyridine signali ntensity was very low and coatingsw ere found to be stable with am inimum of 2nm coating (Figure4). Abroad band at 700 cm À1 intensifies strongly after heat treatmentsb eyond 300 8Cand is split up into multiple bands after 400 8C( Figure S18 in the Supporting Information). [45] It has been suggested that the phase transition temperatureo fa morphous TiO 2 to anatase is around4 00 8C, but this shifts to around 500 8Cw hen heating amorphous NPs. [46] Beyond3 00 8C, the TiO 2 coating starts to densify and crystallize [46] and at around5 00 8Ci td efinitely cracks open, which allows the Au cores to sinter.
SiO 2 coatings could be grown extremely thin, with am inimum of 1.2 nm without pin holes. However,t hese thin coatings provedtob eunstableabove 300 8C, whereas 2.2 nm coatings remains table up to 400 8C ( Figure 4 , Figures S22 and S23 in the Supporting Information). The amorphous SiO 2 coating also densifies with temperatures above 300 8C, as can be observed by the growth of D 1 ,D 2 ,a nd SiÀOH stretchingv ibrations in the Ramans pectra of SiO 2 @Au after heat treatments ( Figure S18 in the SupportingI nformation). [47, 48] Starting from 500 8C, all substrates are completely changed in structure as is observed in the extremely low Rh6G signal and the strongly improved pyridine/Rh6G ratio (Figure 4right ). Owing to the densification of the coatings, it is recommended to stay below 400 8Cwhen using SiO 2 -a nd TiO 2 -SHINS.
So far,w eh ave not been able to produce SHINERS substrates that are stable in air at 500 8C. Only as mallf raction of the substrates remains plasmonically active for SERS, asc an be seen by the relative ratio of pyridine to Rh6G Ramans ignal intensity.H owever,w ee xpect that new shell materials have to be implemented to gain better thermal stabilities.
Synthesis and characterization of Ru/SHINs and Rh/SHINs TEM images revealed that Au cores were still isolated after 400 8Ch eat treatment with TiO 2 and SiO 2 coatings ( Figure S24 in the Supporting Information). SERS and SHINERS are surfacesensitivecharacterization techniques, [15] meaning that the highest signal will be obtained from the shell-catalyst interface enabling study of variousm etal-support interactions. We therefore introduced hydrogenation catalysts to the bestT iO 2 -a nd SiO 2 -basedS HINs in terms of both overall stability and Raman signali ntensity:7 6nmA uN Ps with 2.6 nm TiO 2 and 2.2 nm SiO 2 coating. When using theset wo differents ubstratem aterials, we were interested to implement SHINERS to study the effect of catalysta nd support material on the catalytic hydrogenationofC Oo ver active metals.
Three different catalysts were prepared through wet impregnation:R u@SiO 2 @Au, Ru@TiO 2 @Au, and Rh@SiO 2 @Au. They were prepared by mixing an aqueous solution of metal chlorides with the colloidal solutiona nd subsequently dried on aS i wafer.B yu sing ag entle calcination step at 300 8Co ru nder UV/ozone, the MCl x were (partially)o xidized, resulting in MO x @SiO 2 @Au andM O x @TiO 2 @Au SHINs. In Figure 5T EM and STEM-EDX images are shown of Ru NPs deposited on the TiO 2 @Au and SiO 2 @Au SHINS after heat treatment in air at 300 8C. The Ru catalyst particlesa re in the range 1-2 nm as observedb yT EM. By using STEM-EDX, we can confirm that the cores consist of Au (red) with shells of Ti (blue) or Si (green) after the catalyst preparation treatment. Ru is detected as well and is covering the SHINs. These results suggestthat the nanostructures can be effectively implemented as in situ SHINERS substrates;R ui sd ispersed over the metal oxidesa nd is in close contact to SHINs, which exhibit Ramans ignal enhancement factorsofr oughly1 0 4 . Directly after UV/ozone treatment, we can observe various bandsb etween 100-700cm À1 ,w hich are associated with a mixed RuCl 3 and RuO 2 material (Figure 6 ). It has to be noted that the Raman signal for Ru@TiO 2 @Au and Ru@SiO 2 @Au are not the same. However,e xplaining the Raman spectra of the catalystp recursors is beyond the scope of this article. After a www.chemeurj.org heat treatment in air at 300 8C, RuCl 3 is fully oxidized to RuO 2 , which is apparent from the intense broad bands between 100 and 700 cm
À1
.T he Raman signals of nano-sized RuO 2 are known to broaden and redshift with respectt ob ulk RuO 2 Raman bands at 528, 644, and 716 cm À1 because of finite-size effectsa nd stress induced by lattice strain. [49] The broadening of the RuO 2 bands is much stronger in comparison to what has been seen before in the literature for Raman spectra of RuO 2 .T his can be explained by the fact that very small NPs were formed and probed at the Ru-SHINs interfaces, thus more strain is observed in comparison to conventional Raman. [50, 51] RuO 2 was then reduced to Ru 0 in a1 0mLmin
flow of H 2 in 40 mL min À1 Ar at 150 8C. In situ SHINERSv erified the reduction of the catalysts by the absence of the RuÀOa nd RuÀCl stretches in the spectrum between 100 and 700 cm À1 in Figure 6 . The remaining Raman bands are associated with amorphous TiO 2 (700 cm À1 ) [45] andS iÀOH (990 cm À1 )a nd Si (520 cm À1 )f rom the Si wafer. [52] CO hydrogenation over Ru/SHINs and Rh/SHINs Both Ru and Rh were assembled over the SHINs (Rh@SiO 2 @Au characterization can be found in Figures S25 andS 26 in the Supporting Information). After reduction, CO was introduced to the catalysts. As demonstrated in Figure 7 , both catalysts show stretching vibrations of chemisorbed carbonyl speciesd irectly after exposure to CO gas. We could not observe CO adsorptiono ns imilar Ru/SiO 2 samples without SHINERS ( Figure S27 in the Supporting Information).
These observations reinforce the conclusion that metallic catalysts are indeed formed after H 2 reduction, and that the SHINs are still active for Raman signal enhancement. Ru mainly shows CO adsorbed in al inear positiona ta round4 85 and 2020 cm À1 ,w hich are the stretching vibrationso f, respectively, RuÀCO and RuCÀO. [53] [54] [55] For Rh, additional bands are observed with lower energies at 305 and 1860 cm À1 ,w hich are associated with CO adsorption in abridged position.
The atmosphere was switched back to 10 mL min À1 H 2 in 40 mL min À1 Ar and the temperature was increased stepwise to 200 8C. All bands associated with MÀCO stretching vibrations decreased in intensity.Asmall peak arose at 305 cm À1 for Figure 6 . Raman spectraof( top) RuCl 3 @TiO 2 @Au after UV/O 3 treatment (yellow),R uO 2 @TiO 2 @Au after oxidation at 300 8Ci nair (orange), and Ru@-TiO 2 @Au after reduction at 150 8Ci n10-40 mL min À1 H 2 -Ar (blue). Bottom: RuCl 3 @SiO 2 @Au after UV/O 3 treatment (yellow), RuO 2 @SiO 2 @Au after oxidation at 300 8Ci nair (orange), and Ru@SiO 2 @Au after reduction at 150 8Ci n 10-40mLmin À1 H 2 -Ar (blue). (l = 785 nm; P = 2.6 10 5 Wcm À2 ). Rh@SiO 2 @Au. This small peak has been previously assigned to subsurface RhÀOs pecies, which are difficult to reduce. [56] This leads us to believe that CO is indeed dissociated,h ydrogenated, and desorbed, whereas the oxygen remains as asubsurface species. For Ru, only linearly adsorbed CO at 485 and 2020 cm À1 at all temperatures is observed and only the removal of adsorbed CO is observed. We do not see the creation of new surface speciesu nder the appliedm ethanation conditions. To desorbo rh ydrogenate CO from Ru surfaces requires temperatures of at least 250 8C, whereas all CO is removed from the Rh surface at 200 8C.
Finally,t he effect of shell materialo nt he catalytic properties was investigated by using Ru@SiO 2 @Au and Ru@TiO 2 @Au. After reduction with 10 mL min À1 H 2 at 150 8C, the obtained Ru@SHINs were exposed to 10 mL min À1 CO atmosphere, which immediatelyl ed to the observation of adsorbed CO (Figure 7) . The two characteristic stretching vibrations at around4 85 and 2020 cm À1 are observed on both SiO 2 -a nd TiO 2 -SHINs. [53] [54] [55] Minor differences were observed between Ru@SiO 2 @Au and Ru@TiO 2 @Au, but were not convincingly clear,b earing in mind as pectral resolution of approximately 3cm
.H owever,w hen heating the samples stepwise under H 2 atmosphere,i tb ecame cleart hat the TiO 2 and SiO 2 support materials do have ad ifferent effect on the reduction properties of the supported Ru NPs when studied by SHINERS. At temperatures above 150 8C, the RuÀCO stretching vibrations are shifted to highere nergies with as tronger decrease in intensity for the Ru@TiO 2 @Au system ( Figure S28 in the Supporting Information).T his demonstrates the difference inducedb yaTiO 2 layer for the CO hydrogenation over Ru in comparison to the Ru@SiO 2 system and is in line with what is known in the literature. [57] [58] [59] After the CO hydrogenation, the temperature was reduced back to 150 8Ca nd the H 2 atmosphere was changed back to CO. This resultedi nt he observation of the CO bands again with equali ntensity ( Figure S29 in the SupportingI nformation).
Outlook
By using the described methods, SHINERSi sa pplicable for studying heterogeneous catalysis at temperaturesu pt o 400 8C. At present,w eh ave focused on CO adsorption and hydrogenation when using SHINERS. The TiO 2 -a nd SiO 2 -SHINS were found to be stable under the reactionc onditions, with the intensity of the v Ru-C staying at similarv alues-80-100 %-after reactiona t2 50 8Cu nder hydrogen atmosphere (Figure S28 in the Supporting Information). Additionally,t his methodc an be appliedt oaw ide range of catalyst materials with ease of preparation. For example, we have prepared similar structures with Pt and Pd catalysts by using an aqueous MCl x impregnation step (Figure 8 ). We therefore see great potential in this method. However,t here are more challenges left to tackle.F irst of all, the stability of the SHINs is limited above 300 8Cu nder reaction conditions. Future work could be performed on more stable or flexible coating materials, such as graphene. Second, during sample preparation, but also during reaction, contaminationo ft he sample can occur,o bstructing the interpretation of the data. Additionally,i ti sd ifficult to coupleS HINERS results to catalytic activity because of the small quantities of the substrates. At the moment, we are workingo nmethods to solve these technical obstacles.
Conclusion
Thermally stable TiO 2 @Au and SiO 2 @Au were successfully prepared for in situ SHINERS characterization of workings olid catalysts.T he simple synthesis procedure requires basic laboratory equipmenta nd can therefore be appliedi nawide variety of laboratories. Moreover,t he optimal TiO 2 -a nd SiO 2 -SHINs performed well as SHINERSs ubstrates with analytical enhancement factorsb etween 10 4 and1 0
5
,e ven after thermalt reatments in air at 400 8C. Nano-sized catalyst materials can be assembled over the SHINs by wet impregnation to study catalyst preparation. Subsequently,t he obtained catalyst/SHINs can be exposed to reactants in the gas phase for in situ characterization of the catalysts tructure and interfaces with improved intensity.T hese materials demonstrated their potential for the study of catalytic solids with SHINERS, as was observed by the different activity in CO hydrogenation over Ru@TiO 2 @Au and Ru@SiO 2 @Au SHINs.
Experimental Section Chemicals
The following chemicals were purchased and used as received:( 3-aminopropyl)trimethoxysilane (APTMS, 97 %), sodium silicate solution (27 %S . SHINERs pectra of Rh, Pd, Pt, and Ru metal nanoparticles that can be applied as hydrogenation catalysts. Over these various metals, we can observe the differencei nC Oa dsorption onto the metal nanoparticles with linear, bridged, and hollow conformations. [56, 61, 62] Chem.E ur.J.2018, 24,3733 -3741 www.chemeurj.org Preparation of gold seeds Ultra-pure H 2 O( 30 mL) and 1% (w/v) HAuCl 4 (300 mL) were added to a2 50 mL round-bottom flask with ac lean stirring bar.T he solution was rapidly brought to aboil in apreheated oil bath, with stirring at 1000 rpm. As soon as the solution started boiling, 1% (w/v) trisodium citrate solution (0.9 mL) was added. The flask was removed from the heat after 10 min, once nanoparticle maturation was complete as indicated by the color transition from light yellow to ruby red. [34] Preparation of 80-90 nm gold nanoparticles Seeds (1.0 mL) were added to Milli-Q water (112 mL) and 1% (w/v) trisodium citrate (2.0 mL) was added. Au NPs were grown carefully by dropwise addition of NH 2 OH·HCl (2.4 mL, 10 mm)a nd HAuCl 4 (1.7 mL, 1% w/v) over 30 min. The volume of the droplets was estimated to be around 10 mL. After fully growing the particles, the solution was left stirring for an additional 10 min. [21] The size of the final Au NPs was controlled by varying the volume of seed solution added.
SiO 2 coating of 1-3 nm A1 .0 mm solution of (3-aminopropyl)trimethoxysilane (APTMS, 0.4 mL) was added dropwise to as olution of gold NPs (15 mL) and stirred for 20 min. Subsequently,asodium silicate solution (1.0-1.6 mL, diluted to 0.54 wt %w ith Milli-Q water and adjusted to pH 10.6-10.8 with HCl) was added dropwise under vigorous stirring at 2000 rpm. The flask was placed in an aluminium starfish at 90 8Ca nd stirred for 30-90 min depending on the required coating thickness. After synthesis, the particles were centrifuged and washed three times in Milli-Q water and finally stored in 5mLM illiQw ater in the fridge at 4 8C. [60] TiO 2 coating of 1-4 nm Colloidal particles (10 mL) were concentrated to 1mLa fter centrifugation and subsequently mixed with isopropanol (3 mL). With stirring at 2000 rpm, aqueous APTMS (80 mL, 1.1 mm)w as added. After 10 min, TTEAIP (50-200 mL, 2.5 mm in isopropanol) was added dropwise, depending on the desired coating thickness. After 1h,as olution containing ammonia (50 mL, 28-30 %) was added and stirred overnight to prepare as hell of 1-4 nm. After synthesis, the NPs were centrifuged and washed two times in isopropanol and two times in Milli-Q water. [35, 36] SERS and SHINERS sample preparation Ac olloidal solution (10 mL) was drop-casted onto aS iw afer and dried under vacuum in ad esiccator for 30 min. Raman intensity tests were performed by adding aqueous Rhodamine 6G (0.1 mm) solutions over the drop-casted substrates and were covered with a glass cover-sheet to prevent evaporation of the solvent. Pin hole tests were performed by adding aqueous pyridine (10 mm)s olutions over the drop-cast substrates and were covered with ag lass cover-sheet to prevent evaporation of the solvent. The thermal stability of the substrates was tested by measurement before and after thermal treatment at 300 and 400 8C( 58Cmin À1 )u nder air for 3h.
Characterization
UV/Vis spectra were obtained by using aV arian Cary 50 UV/Vis Spectrophotometer in the range 250-1000 nm and aC raic UV/Vis microscope. Transmission electron microscopy (TEM) images were recorded by using aF EI Te cnai 12 Icor TEM operating at 120 kV. Samples were prepared by drop-casting ac olloidal solution on carbon-coated TEM grids, which were left to dry in air.S canning transmission electron microscopy-energy dispersive X-ray analysis (STEM-EDX) images were obtained with aF EI Ta los F200X electron microscope operating at 200 kV.R aman spectroscopy measurements were performed with aR enishaw InVia Raman microscope, using 785 nm diode laser excitation through a5 0 objective (0.75 NA). Ex situ experiments were all performed under 0.24 mW (i.e., 1.12 10 5 Wcm
À2
), with an integration time of 10 s. All spectra are shown as obtained:n os moothing, background correction, or baseline subtraction was performed.
Catalytic studiesw ith SHINERS SHINs (0.1 mL) were mixed with an aqueous RuCl 3 or RhCl 3 (10-15 mL, 2mm)s olution and mixed intensely by shaking and ultrasonic treatment. An aliquot (10 mL) of these mixtures was then dried under vacuum on aS iw afer.T he obtained substrates for catalytic studies with SHINERS were subsequently cleaned with UV/ ozone treatment for 1h.T oo btain metal-containing catalyst materials, the substrates were reduced in situ by exposure to 10 mL min À1 H 2 in 40 mL min À1 Ar at 150 8Ci naLinkam THMS600 heating microscope stage. Raman spectroscopy measurements were performed with aR enishaw InVia Raman microscope, using 785 nm diode laser excitation through a2 0 objective (0.4 NA). In situ experiments were all performed under 2mW( i.e.,2 .6 10 5 Wcm
), with an integration time of 10 s.
Enhancementf actor
To express the effectiveness of SERS and SHINERS substrates, the enhancement factor (EF) is often used. Here, we used the analytical enhancement factor (AEF) as described by Le Ru et al., [42] which gives ag ood indication of the signal to expect. To calculate the AEF,w ec ompared the Raman signal intensity of dry Rhodamine 6G (Rh6G) with that of the Raman signal intensity obtained from 0.1 mm of an aqueous solution of Rh6G over aS ERS/SHINERS substrate under identical experimental conditions. Following the description in the work by Le Ru et al.,w ea ssumed that the probed volume was identical and ignored the fact that SERS is as urfacesensitive technique [Eq. (1) 
